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SYNOPSIS: Strength and deformation characteristics of Isotroplcally consolidated alr-pluviated sands In plane straln
compresslon were studled. Commonly for the six types of sands of world-wide &*lglns tested, the behaviour at stralns less
than about 0.001 % was recoverable and strain rate-Independent, namely elastlc. The elastic shear modulus was Isotroplc
with respect to the angle 6 of ¢ . direction relative to the bedding plane between 0° and 90°. However, the sands became
gradually more anlsotroplic as strain Increased exceeding the elastic limlt. The angle of Internal frictlon ¢ decreased as
& decreased from 90° to 0° with the smallest at 6 = 0 - 30°. At the residual state, the behaviour became Isotropic agaln.

INTRODUCTION

It has been revealed that the strength and deformation
characteristlcs of sands prepared by pluvlatlng partlicles
through water or alr be conslderably anisotroplc; l.e., by
trlaxlal compresslon tests (0Oda, 1972, Arthur and Menzles,
1972), plane straln compression tests (e.g., Oda, 1981,
Kimura et al., 1985, Tatsuoka et al., 1986a), trlaxlal exten-
sion tests (e.g., Lam and Tatsuoka, 1988). It has also be
shown that undisturbed sand samples exhibited large
anisotropy In trlaxlal tests (Mlura and Tokl, 1988) and In
PSC (Tatsuoka et al., 1989). Desplte the above, many clas-
slcal theorles for earth pressure, slope stablllty, bearing
capaclty and so on assume [sotroplc propertles of sands,
and they are used wldely In current deslgn practice. This
situation may be justifled, however, when considering ex-
treme difficultles In restoring high-quallty undlsturbed
sand samples. In fact, In most current deslgn practlce,
conservative strength values are used to cover uncertaln-
ties In the strength of sands In-sltu.

In contrast, In any research for validating a soll mechan-
Ics theory by using the results of element and model tests
of a sand, possible anisotroplc properties of the sand
should be taken into account. However, the anisotropic
properties of sand have often been lgnored due partly to
the lack of the data showlng the anlsotropy for the
sand(s) encountered In each country. In partlcular,
whether anlsotroplc properties common for sands of
world-wlde orlgins exlst Is not known. In additlon, It Is
not understood how anlsotropic (or Isotroplc) propertles
of sands change with straln level.

TEST MATERIALS AND TESTING METHOD
Plane straln compression (PSC) tests were performed by us-

Ing six types of sands, which have been used extensively
for research purposes (Flg. 1 and Table 1). They are all

quartz-rich and poorly graded having sub-round to sub-
angular particle shapes. Relatlvely large specimens (Flg.
2a) were prepared by pluvlating alr-drled partlcles
through alr at different angles & of the dlrectlon of the
major principal stress ¢ . durlng PSC relatlve to the bed-
ding plane dlrection between 0 and 90° with the o = direc-
tlon In the bedding plane directlon (Step @ In Flg. 3).
The specimens were dense (D.= 80 - 90 %), except Silica
Sand (D-= 50%). Except when &= 90°, alr- drled speclmens
were partlally saturated to create an apparent coheslon
(Step @) to trim to fit a split mold (Steps @, ® and ®).
After made frozen, they were set In a trlaxlal cell and
allowed to thaw at a vacuum of 4.9 kPa. They were made
alr-dried agaln by circulating alr from the top to the bot-
tom. The effect of a sequence of wetting, freezing, thaw-
ing and re-drying was examlned for & = 90° speclmens of
Toyoura Sand (Tatsuoka et al., 1986a) and Sllver Lelghton
Buzzard (SLB) Sand (Park, 1990), and was found negligible.

The axlal and lateral stresses were measured wlth two load
cells placed adjacent to a specimen (6 and 13 In Flg. 2b).
The rigld ¢ . and ¢ = boundarles were lubricated by smear-
ing a 0.3 mm-thick latex membrane with a 0.05 mm-thick slll-
con grease layer. The .type of grease was changed depend-
Ing on graln slze and pressure level (Tatsuoka et al.,
1984, Goto et al., 1992). * The frictlon angle on the con-
filning platens was typlcally less than 1.0° as ensured from
the readings of the two load cells at the bottom of the
confining platens (14 In Flg. 2b), which were used for
stress correction. Local axlal stralns, totally free from
the bedding error at the top and bottom ends of specimen,
were obtalned by measurlng axlal compresslon along both
o 2 surfaces by means of a palr of Local Deformation
Transducer (LDT; Goto et al., 1991). Local lateral stralns
were obtalned by measurlng lateral dlsplacements on each
o » plane with four proximeters (In total elght). PSC tests
were performed on lsotroplcally consolldated (vacuumed)
specimens at a constant o 3= 14.7 or 78.5 kPa at an axlal
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Flg. 2 (a) local strain measurements and (b) apparatus.

of the test materlals.

strain rate of 0.125 %/min except where otherwise noted.
TEST RESULTS

Typlcal result (Flg. 4): Only In Fig. 4a, externally mea-
sured axlal stralns were presented, while the volumetric
stralns presented are equal to the summation of locally
measured axlal and lateral stralns. In the other flgures,
locally measured axial stralns were used. The followlng
may be noted: 1) The initlal relations at shear straln 7 <
about 0.002 % are lsotroplc (Fig. 4c). 2) As 7 Increases,
the behaviour becomes gradually more anisotroplc (Flg.
4b), and the peak strength Is notlceably anlisotroplc (Fig.
4a). 3) The resldual strength becomes Isotroplc again.

Small strain behavlour: As seen from Flg. 5, the stiffness
for the Inltlal portlon Is virtually the same with that for
the small unload/reload cycle(s); l.e., the Inltlal behavlor
i{s recoverable. Further, the effect of straln rate Is neg-
ligible at small strains (Flg. 6). These two features com-
bined mean elastlc behavior, and thus a unlque maximum
shear modulus Gmax can be defined for each fest (Figs. 4c,
5 and 6). Thls elastic behavlour was observed commonly
for all 'the tests In the present study, and also for other
types of sands, soft rocks and clays (Tatsuoka and

ACRYL BOXA] Shlbuya, 1992, Shibuya et al., 1992). Flg. 7 shows the val-
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sands (Toyoura and Si{llca Sands).

This result also ensures

the Initlal elastlc behavlour, which Is probably a result

of elastic deformations of sand particles.

elasticity as seen from Flg.

Isotropic

7 may be due to nearly

Isotroplc Initial distribution of Inter-particle contacts

produced durlng Isotroplc consolidation.

This point may

be supported by the fact that the behavior at 7 <0.1 % Is
more Isotroplc for over-consolidated (0OC) specimens than

for NC ones (Flg. 8).

This result (Fig. 7) also suggests

that possible anisotropy In large strain stiffness and
peak strength In the fleld may not be estimated only from

7 relatlons at small strains;
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shear wave veloclties measured In a specific direction.

Fig. 7 shows also that the parameter A Increases slightly



as the graln size. Further, although the plastic
deformation propertles of sands at Intermedlate straln
levels are known to be affected by OCR, any dlscernible
effect of OCR on Gmax cannot be seen.

Anlsotropic stiffness and peak strength: As straln In-
creases exceeding the elastic limit, both slip at Inter-
particle contacts and relatlve rotation of particles be-
come more actlive, while overall deformation properties be-
comes more anlsotroplc (Fig. 8). The degree of dllatancy
also Is affected by the angle 6 In that It becomes less as
6 decreases (Flg. 4a). For each test serles changling only
5§, ¢ at a certaln & was divided by the corresponding ¢
at &= 90° after being corrected for vold ratlio variations
(Fig. 9). The following polnts may be seen: 1) For NC
Toyoura Sand, the trend Is very similar between the pres-
ent and previous studles (Fig. 9a). 2) For all the sands
(Fig. 9b), the trend Is similar In that ¢ decreases as &
decreases from 90° to 20°-30°. 3) As & decreases further
towards zero, for Toyoura, Silica and Karlsruhe Sands, ¢
Increases agaln, whlle for SLB, Ottawa and Ticino Sands, ¢
still decreases. The former and latter groups have rela-
tively smaller and larger grain slzes, respectively, and
have relatively more and less angular graln shapes, re-
spectively. It Is not known yet to the present authors
which of these two factors or another is the major factor
for the above two different trends. 4) The ratlos of the
smallest \to largest values of ¢ are in a small range be-
tween 0.82 and 0.9. Note also that In each test series,
shear strain at the peak state was the smallest at &§ = 90°
and Increased as & decreases (Fig. 10). Some sands exhib-
ited a trend of minimum at & = 20°-30° (see also Fig. 4a),
where the planes of the maximum stress obliquity tend to
be In parallel with the bedding planes, exhlbiting a rela-
tively smaller or smallest strength. 5) Within the limit of
OCR examlned (OCR= 5.33), both the value of ¢ and the pat-
tern of ¢ ~ & relation are not affected by OCR.

A similar ¢ ~ & plot as above has been obtained from PSC
tests on undlisturbed volcanlc origln-sand (Shirasuy taken
from a layer deposited secondarily under water {Matsuoka
et al., 1989). Although further study will bé¢ needed to
know whether the trend of strength anisotropy shown In
Fig. 9 can be generally applicable to In-slitu sands depos-
{ted under gravity through alr or water, It can be pointed
out that most classical Isotroplc perfectly-plastic solil
mechanics theorles should be re-evaluated. Indeed, the
strength anisotropy and the progressive fallure In the
ground assoclated with post-peak straln softenlng are two
major factors which are mlssing In Lhem, as has been dis-
cussed In detall In relation to the bearing capacity prob-
lem (Tatsuoka et al., 1991).

CONCLUSIONS

In PSC tests of slx types of Isotroplcally consolidated
sands, the deformation characteristics at stralns less
than about 0.001 % was elastlc and Isotroplc with respect
to the angle & of the ¢ . directlon relative to the
bedding plane. As straln Increased, the deformation
characteristics became gradually more anlsotroplc. The
peak strength was noticeably anisotroplc with a simllar
trend that the angle of Internal friction ¢ decreased as
6 decreased from 90°, and the ratlo of the smallest to
largest values of ¢ was between 0.82 and 90. Whether ¢
has a minimum at & = 20°-30° depended on the type of sand.

The residual strength became Isotroplc again.
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